The composition of CDW is variable, including dirt, stones, bricks, block, concrete, steel, glass, plaster, lum-
D
emolition waste is defined as a waste produced Schoeters, 1986; Spencer, 1990; Perez, 1994 ; Lauritzen, from razed buildings and other civil engineering 1994; Brooks et al., 1995) . The depletion of natural fuel structures. Wastes from the construction, remodeling, resources has renewed interest to convert CCDW into and repairing of individual residences, commercial useful heat energy. Therefore, recovery of CCDW in a buildings, and other structures are classified as construcform with the highest possible value (i.e., heat energy) tion wastes (Spivey, 1974; Oglesby et al., 1989; would be economically and environmentally attractive. 1989 Apotheker, 1990; Kalin, 1991; Wood, 1992;  Thermochemical processes, such as the oxidation proGavilan and Bernold, 1994; Chang et al., 1997) . Concess and gasification process, appear to be promising struction and demolition waste, however, may be proapproaches to convert such wastes into useful energy. duced from environmental disasters such as earthThus, the purpose of this paper is to explore an inquakes, hurricanes, tornadoes, and floodwater that depth investigation of oxidation kinetics of CCDW by cause major structural damage to buildings (Tansel et TGA-differential thermal analysis (DTA) associated al., 1994). These waste streams are often regarded as with Fourier transform infrared (FTIR) spectroscopy in rubbish. Construction and demolition waste sometimes order to provide the essential information for a sound constitutes between 20 and 25% of municipal solid engineering design and operation of the real-world inwastes (MSW) in Taiwan (Environmental Protection cineration systems. In addition, the physicochemical Administration, 1999). Table 1 presents the typical comproperties of incineration ashes, explored via the use of position and potential recoverable heat content of CDW the toxicity characteristic leaching procedure (TCLP), in a local study. Only the wood and plastic items can X-ray powder diffraction (XRD), and microscopybe burned in the incineration systems when considering the needs of energy recovery. 
(PVC), and acrylonitrile-butadiene-styrene copolymer (ABS). Due to the limited size of the TGA sample holder, the CCDW where t is the reaction time (min); A p is the preexponential samples therefore were milled into pieces with a size around factor (min Ϫ1 ); E a is the activation energy (kJ mol Ϫ1 ); k is the 60 to 100 meshes, implying that the CCDW samples had uniArrhenius rate constant; T is the reaction temperature (K); form size and were suitable for oxidation of TGA tests as R is universal gas constant (8.314 kJ kg mol Ϫ1 K Ϫ1 ); W is the anticipated in the real-world incineration system. An elemenmass of the sample at time t (kg); X is the residual mass fraction (conversion); g [O 2 ] is the m-th order for the oxygen tary analyzer (Heraeus) performed the elemental analysis in composition (mol); f(X ) is the n-th order for the inertial matethis study.
rial; and W o and W f are the initial and final (or ash residues) mass of the samples (kg), respectively.
Oxidation Kinetics
Kinetic parameters, such as the order of reaction, activation Analysis Based on Lab-Scale Fixed-Bed Incinerator energy, and preexponential factor, can be derived from the The experiments using a batch type lab-scale fixed-bed reac-TGA outputs. Preliminary data of oxidation kinetics in relator for burning the CCDW samples were also carried out to tion to wood, plastics, or CCDW can be measured in a typical collect the essential information of this feasibility study. Such practice of TGA (Model SDT 2960 and Thermal Analyst a finding may further determine if future engineering applica-2000; TA Instruments, New Castle, DE), determining both tions could be warranted. A tube reactor, with a volume of 100 the weight loss and the temperature difference simultaneously. mL and made of 316 stainless steel, enclosed three thermowells The variations of sample weight recorded based on a homoge-(i.e., top, middle, and bottom sections). Electrically programneous 10-s time interval may exhibit a measuring sensitivity mable heated jackets installed within the thermowells were of 0.1 Ϯ 0.01 g. In the experimental settings, about 10 mg employed for heating the reactor. Oxidizing CCDW samples of wood, plastics, and CCDW samples were burned from 300 between 300 and 923 K in the flowing air environment (i.e., to 923 K at a heating rate of 2, 6, or 10 K min Ϫ1 , respectively, 120 mL min Ϫ1 , gas hourly space velocity [GHSV] ϭ 1000 h), in the flowing air environment with a flow rate of 100 mL with O to C ratios ranging from 1.0 to 1.3 on a molar basis, min
Ϫ1
. Routine calibrations, such as TGA weight calibration, was regarded as an acceptable experimental condition. Gas differential thermal analysis (DTA) baseline calibration, and products such as CO 2 or CO formed in the combustion reactor temperature calibration, are generally performed once a month had to be guided through a water cooler before entering the to maintain the integrity of these instruments. Aluminum ox-FTIR for further identification. During such a process, the ide was used as a reference in all the tests. Detailed descripcondensates from the flue gas, such as HCl, were separated tions of the experimental methods and additional discussions, and collected in the two knockout drums (i.e., 500 and 300 which cover the important techniques of apparent kinetic pamL, in series) and then scrubbed with a 1 M NaOH solution rameter evaluation from the TGA traces, can be found in the before discharging from the device. Composition of nonconliterature (Friedman, 1965; Petrovic and Zavago, 1986; Nikoo, densable gases generated in the oxidation process was then 1987; Chen et al., 1997; Aggarwal and Dollimore, 1997 ; Galwey analyzed by on-line FTIR (10-cm gas cell) spectroscopy. The and Brown, 1997; Reggers et al., 1997) . The overall rate equaresultant data were recorded on a Digilab (Cambridge, MA) tions of conversion factors expressed with respect to the Arr-FTIR spectrometer (FTS-40) with a full capacity for computerhenius relation form for oxidation of CCDW are as follows:
ized data storage and data handling via the use of a 64-scan data accumulation device with a resolution of 4 cm
Physicochemical Properties of Incineration Ash of Combustible Construction and Demolition Wastes
The residuals of ash collected from the lab-scale fixed-bed
incinerator were analyzed in accordance with the TCLP requirement first. The leachates collected from the TCLP test Chang et al., 1999) . In this study, TGA (Costa and Camino, 1985; Dobry et al., 1986; routinely recorded the loss of the weight of CCDW samal., 1987; Zayed et al., 1987; Ragland and Aerts, 1991;  ples as the temperature increased at a predetermined Wang et al., 1998b; Lin et al., 1998 Lin et al., , 1999 rate. It also provides the net weight loss and kinetic 1999). When wood or plastics wastes are heated, the parameters based on simplified assumptions that do not solid part decomposes by thermal scission of chemical necessarily correspond with the complex chemical reacbonds. The species formed by this initial step may be tions in the thermal degradation process. Such practices volatile and may undergo additional bond-breaking recould exhibit some comparative advantages with regard actions to form CO or CO 2 ultimately (Leminux and Prudto the minimization of uncertainties in engineering aphomme, 1985; Harris et al., 1986; Spurrell et al., 1987;  plications via the assessment of oxidation kinetics over Tonn and White, 1990; Hueglin et al., 1997; Ouedraogo an entire temperature range. et al., 1998). While pyrolysis of plastics, wood, or paper Kinetic parameters for oxidation of CCDW were wastes has been studied in a variety of ways (Thurnner therefore numerically calculated in terms of the rate of and Mann, 1981; Lede et al., 1985; Aho, 1987; weight loss obtained through the TGA practices based al., 1987; Cordero et al., 1990; Wang et al., 1998a ; Lin on different heating rates. A representative kinetic et Chang et al., 1999; Park et al., 1999;  model should allow one to account for the variability Di Blasi et al., 1999) , the validity of some of the kinetic of CCDW in the thermal degradation process as long methods employed to characterize various plastics and as it is capable of describing the weight loss over time. wood materials using TGA and FTIR techniques can
Since the experiments were conducted based on lower be found in many applications (Friedman, 1965 ; Petrovic heating rates, limitations of mass and heat transfer and Zavago, 1986; Nikoo, 1987; Aggarwal and Dolli- within the samples were thus neglected. Instead of focusmore, 1997; Galwey and Brown, 1997). The following ing on the direct assessment of blend CCDW material, sections summarize the main findings in this study.
an estimation of the global oxidation rate in terms of the weight fractions of those key components appearing
Physicochemical Properties
in the CCDW streams may become achievable. Such a Table 2 presents the outcome of proximate and ultipractice of simulation analysis has been proven successmate analyses as well as heating values of the CCDW ful via an appropriate calibration in this study. They samples. The selected sample of CCDW contained more include wood (75%), wallpaper (3%), PP (5%), PU than 85% combustible materials, of which 5% may turn (5%), PE (3%), ABS (5%), and PVC (4%). Table 3 out to be ash residues after incineration. It is worthwhile further summarizes the derived kinetic parameters of to note that the carbon content constitutes more than wood, wallpaper, plastics, and the outcome associated 45% of the sample by weight. The heating values of with CCDW gained in this study for comparative purthree selected samples are of interest in energy recovery poses. Typical TGA curves in Fig. 1 cracked. In the subsequent experiment of lab-scale The rate equations above, for addressing the behavior of CCDW oxidation, generally have three kinetic pafixed-bed oxidation, CCDW samples were fully oxidized within a time period of 10 to 30 min and at temperature rameters, consisting of the conversion factors (X) (i.e., subscript 1 and 2 denote the first and the second step, range between 300 K and 923 K. At temperatures higher than 823 K, the rate of yield of incineration ash was about 4% regardless of the temperature in the reactor. The other achievement shown in Table 3 includes the findings of the kinetic parameters, such as activation energy and preexponential factor, during the oxidation of CCDW samples. Such predictions were numerically calculated from the weight loss of CCDW samples at different heating rates based on the modified Friedman algorithm (Friedman, 1965; Petrovic and Zavago, 1986; Nikoo, 1987; Cordero et al., 1990; Day et al., 1993; Aggarwal and Dollimore, 1997; Galwey and Brown, 1997) . The last column in Table 3 also summarizes the information related to the oxidation of wood, paper, plastics, and CCDW from different sources in comparison with the previous efforts. However, most kinetic studies for oxidation of wood, paper, and plastics found in the literature seldom have such a thorough and in-depth collection and integration based on kinetics, ash identification, and engineering application. Overall, the following rate equations derived from the weight loss curves for the blended CCDW material are:
For T ϭ 300-600 K:
[6] (8.314 ϫ 10
2.3Ϯ0.2
[7] respectively), residence time (t), and the reaction temperature (T). The residence time and conversion factor temperature reaches 600 K (X ϭ 0.35) or 700 K (X ϭ are two parameters mainly prepared for engineering 0.04). The third stage represents pyrolysis of the sample, design that are normally used for sizing the reactor as while the fourth stage is primarily focused on the reacwell as optimizing the operational conditions. The oxition of char burning in which the destruction of wood, dation temperature, on the other hand, is a key factor wallpaper, and polymer materials dominate the entire for determining the desired feature of system environoxidation process. Finally, the reaction in the last stage ment and ash residue. The first-stage activation energy may end up a special condition when the value of X is (E a ) for the oxidation of CCDW can then be estimated smaller than 0.04. The time required for CCDW oxidaas approximately 123 kJ mol Ϫ1 . tion to reach a given temperature is generally longer at Figure 2 further describes the situations in which the lower heating rate. CCDW samples were oxidized at different heating rates. Figure 3 shows the comparative results of instantaThey are 2, 6, or 10 K min Ϫ1 in the TGA practice. The neous reaction rates (i.e., Eq. [2]) over the designated heating rates used in this study appear to have a little temperature window. Again, they are designed based bit more effect on the generation of ash residues and on different heating rates in the experiment. This figure also slightly influences the reaction rates of the samples.
unambiguously pinpoints a set of salient peaks and tranIn particular, the inorganic ashes or slag must encapsusition zones associated with different heating rates. The late unconverted carbons in the early stages during oxioccurrence of those peaks represents systematic changes dation at higher heating rates and may generate a higher in the oxidation processes. One of the typical examples amount of ash residues. But heat transfer would have is the ignition of cellulose wastes (wood or wallpaper) a greater effect in shifting the curves toward higher and plastics. Obviously, as the reactor encounters higher temperature as the heating rate increases. Theoretically, heating rates, the peak time appears earlier and the Eq. [2] implies that a higher temperature is required to peak zone comes up to a smaller bandwidth in the oxidaachieve the same degree of conversion when choosing tion process. a higher heating rate. Therefore, as shown in Fig. 2, the The availability of oxygen in the incineration systems curves illustrating smaller residual weight based on the plays an important role when the wastes face bonding lower heating rate (i.e., 2 K min Ϫ1 ) appears on the leftdissociation via the interaction with free radicals. Obvihand side as compared with those based on relatively ously, the maximum reaction temperature decreases higher heating rates (i.e., 6 or 10 K min Ϫ1 ). Furthermore, with increasing oxygen concentration. Such an argument there are three principal reactions for CCDW oxidation can be evidenced by the curves in Fig. 4 , which show processes. They can be identified easily (Fig. 2) associthat as the peak zone appears at a smaller bandwitdth ated with five distinctive stages within the temperature and the peak reaches a higher value, the system may range between 300 and 923 K. It appears that a little bit require a larger molar ratio of O to C in the oxidation of moisture (H 2 O) or volatile organic carbons (VOCs), process. This implies that an increase of O to C ratios which are generally used as the painting materials for may result in an increase of oxidation rate. wood and wallpaper, start to vaporize right above 300 K near the first and second stages. These two stages
Fourier Transform Infrared Analysis
are easily handled at relatively lower temperatures and Figure 5 illustrates the outputs of FTIR analysis that smaller reaction rates. The first-or second-order reacare presented by a four-stage analysis. Of the noncontion kinetics existing in the third or fourth stage usually result in a larger reaction rate and goes on until the densable gases produced in the oxidation process, car- bon dioxide was a major component identified by the on-line FTIR spectroscopy. It is known that solvent applied for wood coating may contain pentachlorophenol along with some chlorine species that are generally used within the temperature range between 373 and 1023 K may result in the emergence of CO 2 and CO that can ronment in the reactor could prevent the possible formabe characterized by wave numbers around 2300 to 2380 tion of trace organic compounds, such as PAHs, polycm Ϫ1 and 2050 to 2240 cm Ϫ1 , respectively, in the FTIR chlorinated biphenyls (PCBs), and PCDDs-PCDFs. analysis. It implies that the oxidation reaction can be initialized while CO 2 and CO appear in the flue gas. In
Characterization and Application of Combustible
the early or final stage of the CCDW oxidation process
Construction and Demolition Waste Ashes
(T Ͻ 600 K or T Ͼ 800 K), the flue gas might emit trace amounts of vinylchloride due to the existence of PVC, The TCLP test is usually used for the identification which contains some vinylchloride species. Such a pheof the environmental effect of the incineration ash nomenon can be characterized by the wave number (Someshwar, 1996; Chang et al., 1997; Manninen et al., around 900 to 975 cm Ϫ1 in the FTIR analysis. In addition, 1997; Chang et al., 1998; Thy et al., 1999) . The leachabil-CCDW might be humid because of its porous properity of heavy metals in the incineration is mainly affected ties. At around 600 K, a higher concentration of CO 2 is by the composition of CCDW, its combustion history, measured by the on-line FTIR, which is mainly due to and the method for ash handling. Table 4 indicates that the full combustion of PVC, PU, wood, and wallpaper; the leaching test in relation to the incineration ash of indicated as the third stage in Fig. 5 . At between 600 and 700 K, defined as the fourth stage of CCDW oxidation oxidation process. However, the high temperature envi- than 2400 deaths and the destruction of more than metal oxide aggregates, such as ZnO or CuO, with irreg-100 000 buildings, has generated many CDW streams in ular-shaped crystals. They are typically 2 to 7 m in the vicinity of the earthquake epicenter. It has been diameter. The TCLP test clearly exhibits several appliestimated by the rescue teams of the Army Corps in cation potentials regarding using the ash as structural Taiwan that overall CDW streams eventually may end fill, additives of concrete, soil stabilizer, landscape work, up approximately 30 million tonnes by weight (Army conduit bedding, basement for roads, landfill embankCorps, personal communication, 1999) . Recovering these damaged houses in the earthquake ment, and garden soil. areas also requires significant rebuilding efforts that in the combustor as the flame combustion proceeds with may generate more quantities of CDW in the later stage.
homogenous feeding of the waste inflows can further Proper disposal by landfilling might cause a remarkable minimize the gap or discrepancy between them. increase of environmental costs because of limited landfill space left in that area. This issue has received wide CONCLUSIONS attention recently due to the emerging effects by the The combustible fractions of construction and demoaccumulated CDW streams disposed elsewhere in the lition wastes represent a major component of construcimpact zone. Reusing part of the CDW as secondary tion and demolition wastes, typically ranging from 10 materials might result in significant cost savings in civil to 15% in the waste streams. Environmental disasters engineering projects. Based on the scientific findings in such as earthquakes and hurricanes may cause major this study, Fig. 7 illustrates the mass and energy balance structural damage to buildings, which require significant of an incineration system on the basis of one tonne per rebuilding efforts and produce a remarkable quantity hour (TPH), which might provide the essential informaof CCDW. To effectively handle those waste streams tion of what will be the design and operational condiin incineration systems, kinetic parameters for oxidation tions in the future. The combustion temperature deof CCDW were numerically calculated in this study from signed for burning the CCDW streams is 1173 K. The TGA weight loss data at different heating rates. The information on oxidation of CCDW gained in this study oxidation of CCDW can be satisfactorily described by and previous research may fully support the feasibility the following rate equations: for the possible recovery of both heat energy and ash simultaneously (Tonn and White, 1990; Ragland and For T ϭ 300-600 K: Aerts, 1991; Morris, 1996; Lea, 1996; Manninen et and de Caluwe, 1997; Fox et al., 1990; Seneviratne, 2000) . In biosolids, rates of N mineralization have also been found to be related to various indices of protein
